ABSTRACT Baseline toxicity levels to foliarly applied spirotetramat were established for 19 Þeld populations of whiteßies, Bemisia tabaci (Gennadius) B biotype (ϭBemisia argentifolii Bellows & Perring) (Hemiptera: Aleyrodidae) from Arizona and California in 2008 and 2009 . The susceptibility data were determined against the second instar of B. tabaci Þeld collections before the registration and widespread use of spirotetramat in California. Three strains of whiteßy, resistant to either bifenthrin, imidacloprid, or pyriproxyfen, were also tested to determine the potential for crossresistance to spirotetramat. No signiÞcant geographic variation in susceptibility to spirotetramat was observed among regions within Arizona. The LC 50 values for the Arizona populations spanned a 14-fold range between populations during the 2 yr sampling tests including a low LC 50 ). In addition, comparisons of relative susceptibilities among three older immature instars of two Þeld populations showed no signiÞcant differences. These results establish a regional baseline that can serve as a reference for future monitoring and management of B. tabaci resistance to spirotetramat.
(ϭBemisia argentifolii Bellows & Perring) (Hemiptera: Aleyrodidae), is a worldwide pest with an extensive host range that includes economically important crops such as cotton (Gossypium spp.), melons, cole crops, soybean (Glycine max (L.) (Merrill)), and many ßo-riculture crops. Until 1990, outbreaks of this pest occurred only intermittently in the southwestern United States (Johnson et al. 1982) . However, the establishment of the B biotype (Costa and Brown 1991) during the early 1990s led to consecutive years of whiteßy outbreaks that caused widespread economic damage to many crops (Gonzalez et al. 1991 , Perring et al. 1993 . The pest management response that followed depended heavily on broad-spectrum insecticide applications that were only partially effective at lowering population densities to preoutbreak levels. High resistance that was documented to various organophosphate, carbamate, and pyrethroid insecticides contributed to the difÞculties in controlling B. tabaci during this period (Costa et al. 1993; Denholm et al. 1996 Denholm et al. , 1998 Dennehy and Williams 1997; Horowitz et al. 1998; Palumbo et al. 2001; Dennehy et al. 2004; Njuguna 2012) .
At present, chemical control options have expanded tremendously to include safer, more selective insecticides that have greater compatibility with beneÞcial insects. However, resistance to some newer insecticides, such as the insect growth regulators, buprofezin and pyriproxyfen (Horowitz and Ishaaya 1994; Cahill et al. 1996a,b; Horowitz et al. 1999) , and neonicotinoids (Horowitz et al. 2004) , have been recorded. To further diversify chemistry and avoid potential losses of available insecticides, more nonconventional groups of insecticides with different modes of action are needed for resistance management of B. tabaci.
During the last decade, the introduction of the tetronic and tetramic acid derivatives, a novel class of insecticides and miticides also known as ketoenols (Marcic et al. 2010) , has provided a valuable new mode of action to be used in the management of many agricultural pests, including whiteßies, aphids, thrips, mites, and psyllids. The impact of this new chemistry, which includes spiromesifen against sucking insects and spirodiclofen against mites, has been signiÞcant and economically beneÞcial to the growers (Nauen et al. 2005 , Marcic et al. 2010 . Spirotetramat (Movento) is a new spirocyclic tetramic acid derivative and the third member of the ketoenol family (Marč ić et al. 2011 ) that is a fully systemic and ambimobile insecticide within plants (Nauen et al. 2008 , Brü ck et al. 2009 ). The toxicity proÞle of spirotetramat is similar to those of insect growth regulators that target developing life stages of pests (Bretschneider et al. 2007 , Cantoni et al. 2008 , Brü ck et al. 2009 ). This compound is most effective against immature stages and acts by inhibiting lipid synthesis to cause disruption of development as the insects feed on treated plants (Bretschneider et al. 2007) . Spirotetramat is also known to reduce fecundity in female adults (Wachendorff et al. 2002 , Nauen et al. 2005 , Marcic et al. 2010 . Although spirotetramat exhibits an excellent systemic and translaminar efÞcacy, its contact efÞcacy is rather limited (Nauen et al. 2008) . Spirotetramat is particularly effective against a broad range of sucking pests, including aphids, whiteßies, psyllids, and scales (Nauen et al. 2008) . It shows good crop safety, excellent photostability, and has a good residual activity. Because of the lack of any cross-resistance to existing chemical classes of insecticides (Nauen et al. 2008) , spirotetramat represents an invaluable new tool to manage insecticide resistance in many crops and pests worldwide.
The aim of this study was to assess potential geographical differences in susceptibility of whiteßies before the commercial introduction of spirotetramat while the frequency of resistant individuals would be minimal or nonexistent as suggested by Ffrench-Constant and Roush (1990) . The testing of insect populations from various regions exposed to a range of crop and treatment regimens can provide a robust baseline of their susceptibility responses that can be used as a reference in future monitoring programs. Following commercialization, on-going surveys of Þeld insect populations for changes in insecticide susceptibility become an integral component of an insecticide resistance management program. Our study reports baseline toxicity data for spirotetramat on Þeld-collected B. tabaci B biotype whiteßies from Arizona and California during a 2-yr span. This study also includes assessment of cross-resistance patterns to spirotetramat in three resistant strains of B. tabaci B type including imidacloprid-, bifentrhin-, and pyriproxyfenresistant strains. Field Populations: B. tabaci B Biotype (ϭB. argentifolii) . Several Þeld populations of B. tabaci from various locations in Arizona and California were collected over a period of 15 mo from a number of Þelds, including insecticide-treated cotton, imidacloprid-treated broccoli (Brassica oleracea L.), and melons, for establishing baseline and cross-resistance data to spirotetramat. In addition, collections were also made from untreated ornamentals and weeds (Table 1). Eleven collections were made in Arizona and eight populations were collected from California. Adults were collected directly from the leaves of host plants with a battery-operated vacuum sampler and transported to the laboratory in transfer cages that contained potted cotton plants. The Þeld-collected adults were used for controlled oviposition to obtain synchronized cohorts of immatures for bioassay testing. Spirotetramat was tested against the second instar for establishing baseline susceptibility. In addition, two populations were selected from Maricopa, AZ, and Brawley, CA, for assessing toxicity against the third and fourth instars for susceptibility comparison with the second instars.
Materials and Methods

Insect Strains.
Imidacloprid ). Cantaloupe leaf petioles were immersed in water and the leaves were conÞned within a cage over the next 5 d to collect emerging adults. Approximately 10,000 Ð12,000 adult whiteßies were collected upon emergence. These adults were caged on young cotton plants over a 2-wk period and used to initiate an imidacloprid-selected strain as described by Prabhaker et al. (1997) . Individual cotton plants in 10-cm-diameter plastic pots were treated with select concentrations of imidacloprid as a drench application around the base of the main stem, and then conÞned within colony cages for exposure to whiteßy adults. Survivors of each generation were used for establishment of this colony. After the establishment of the resistant colony, fresh whiteßy collections made from cantaloupe Þelds in Yuma, AZ, were infused into this colony at various times to enlarge the gene pool to avoid bottlenecks. This strain has been under continuous selection. Using a systemic bioassay technique (Prabhaker et al. 1997 ), resistance to imidacloprid in this strain at the time of this study was documented to be Ϸ104-fold based on compar- ison with an unselected B. tabaci strain maintained in the greenhouse for Ͼ2 y.
Bifenthrin-Resistant Strain (BIF-R), B. tabaci B Biotype (ϭB. argentifolii).
Adult whiteßies were collected from commercial cotton and melon Þelds in Maricopa and Yuma, AZ, in 2007. The Þelds that were selected for collection of whiteßies were not treated with bifenthrin. Adults were collected directly from the leaves of the host plant with a battery-operated vacuum sampler and transported to the greenhouse for selection with bifenthrin. At least 5,000 whiteßies were collected for initial treatment. Individual cotton plants in the 5Ð 6 true leaf stage were used for establishment of the colony. Leaves of each cotton plant were sprayed on the abaxial side of each leaf until run-off with select concentrations of bifenthrin. Plants were allowed to dry before they were placed in cages for exposure to collected whiteßies. Adults that emerged from immature survivors on treated plants were used to start a new generation for further treatments. This strain was selected with bifenthrin every other generation. After establishment of this strain, infusions of fresh Þeld collections of whiteßies were made twice a year. Bioassays were conducted on this strain to assess for cross-resistance to spirotetramat. The level of resistance to bifenthrin was Ͼ100-fold at the time of the current study.
Pyriproxyfen-Resistant Strain (PY-R), B. tabaci B Biotype (ϭB. argentifolii).
Three different Þeld populations of B. tabaci B biotype collected on untreated cotton from Maricopa, AZ, were combined for establishment of the pyriproxyfen-resistant colony. Selection was started in August 2007 with low doses of pyriproxyfen treated against 4,000 whiteßies to allow survivors to be established as a colony. Cotton plants were sprayed with a concentration of pyriproxyfen that allowed 50 Ð 60% survivorship of exposed whiteßies for the Þrst three generations. Subsequently, the concentration used for selection was increased to result in 70% mortality of the strain. At the time of the study, resistance to pyriproxyfen in this strain was 25-fold. The bioassay used to assess resistance to pyriproxyfen was described in Toscano et al. (2001) with some modiÞcations. Cotton leaves were infested with eggs as described by conÞning forty adults per leaf in the clip cages for 24 h. The total number of eggs on each leaf was counted before the application of pyriproxyfen. Leaves were sprayed to run-off on the same day with Þve to six concentrations of pyriproxyfen ranging from 0.5 to 323 mg (AI)/liter
Ϫ1
. A water control was also included in the treatments. Treated plants were maintained in whiteßy-free cages in a growth chamber at 27ЊC, 30 Ð 40% relative humidity, and a photoperiod of 12:12 (L:D) h to allow development of the immatures. Egg mortality was assessed 7Ð 8 d after treatment. Total mortality was calculated by subtracting the number of Þrst stage nymphs alive from the total number of eggs laid. The PY-R strain was tested with spirotetramat to assess cross-resistance between spirotetramat and pyriproxyfen. No infusions of fresh collections were made to this strain as resistance levels to pyriproxyfen were still moderate (25-fold).
Insecticides. A formulation of spirotetramat (Movento 2 SC, 23.1% [AI] ; Bayer Crop Science, Kansas City, MO) was used for bioassays to establish baseline susceptibility in whiteßies. Stock solutions and serial dilutions of the formulated product were freshly made with deionized water on the day of each bioassay. An adjuvant, Dyne-Amic (Helena Chemical Company, Collierville, TN) was added to each dilution at 0.5% vol:vol. The controls contained only the adjuvant in water. Five to six concentrations of spirotetramat were used to determine the LC 50 s expressed as g (AI) ml
. For selection of the resistant strains, commercial formulations of bifenthrin (Capture, FMC, Philadelphia, PA), imidacloprid (Admire, Bayer CropScience, Kansas City, MO) and pyriproxyfen (Knack, Valent USA Corp., Walnut Creek, CA) were used.
Bioassay Technique. Foliar Leaf Spray Bioassay. Tests with spirotetramat were conducted against the second instar of B. tabaci on cantaloupe leaves that were in the 3Ð 4 true leaf stage. Infestation of melon leaves with second instars was initiated by releasing 40 unsexed adult whiteßies into small clip cages on each leaf. Adults were allowed an oviposition period of 24 h and then aspirated off from the melon leaves to allow eggs to develop to the appropriate stage for treatment. Second instars were ready for treatment approximately at Day 10 or 11 after removing adults. Immature whiteßy-infested leaves were treated by spraying the abaxial side of leaves with Movento (formulated product containing spirotetramat) or with water (control) using a 4-oz plastic spray bottle (U.S. Plastic Corp., Lima, OH) until run-off. A single cotton leaf was sprayed at a time for 5 s at a 75-cm spray distance with each dilution to achieve run-off. Only two leaves per plant were treated with one leaf protected by a foil covering while the other leaf was sprayed. After the treated leaf was dry, the second leaf of each plant was sprayed while protecting the Þrst treated leaf. At least Þve concentrations of spirotetramat ranging in a halflog 10 series between 0.1Ð100 g (AI) ml Ϫ1 were sprayed that produced a range of 5 to 95% mortality for each test. The leaves were allowed to dry for 30 min before transferring plants to large cages with nylon screening to prevent loose whiteßies from ovipositing on treated foliage. Each dilution was replicated Þve times with a total of Ϸ125 insects per concentration. Treated plants were maintained for 2 wk, but the numbers of live and dead immatures were counted 48 h posttreatment. Mortality of immatures was indicated by the desiccation of individuals and their ability to separate from the leaf when lifted with a needle. In some cases, plants were maintained for 2 wk posttreatment to evaluate whether surviving second instars would complete development to the adult stage.
To compare the susceptibility to spirotetramat of second instars with older instars, additional tests were conducted against second, third, and fourth instars of two populations of B. tabaci. Eggs were obtained as described above by caging adults on test plants for 24 h. Egg-infested plants were maintained until the appropriate stage was ready to be treated. The third and fourth instars were treated around Day 13 and 15, respectively. The criterion for mortality was the same as described above.
Data Analysis. Estimations of probit parameters of the concentrationÐmortality responses of various Þeld populations of whiteßies from the leaf spray bioassays were calculated by POLO-PC (Russell et al. 1977 , LeOra Software 1987 . The parameters included calculations of LC 50 and LC 90 values expressed in g (AI) ml Ϫ1 and their corresponding 95% conÞdence limit (CL), slopes of the probit regressions, and the "g" value. The POLO probit analysis generates the "g" value to indicate the level of Þt for analyzed data which should be Ͻ0.5. For separation of differences in mortality responses between populations, 95% CL were used. Based on this criterion, LC 50 values were considered signiÞcantly different if there was no overlap between their corresponding 95% CLs. ) from Yuma, AZ, was signiÞcantly lower than those of the Þve other populations (Table 2 ). In addition, the LC 90 value was also the lowest at 8.79 g (AI) ml Ϫ1 for the same population (Table 2) . Although variation in susceptibility was limited among Arizona collections, the greater variability of 31-fold observed among the California collections, and between the Arizona and California collections, illustrates the importance of establishing regional baselines to monitor accurately for changes in susceptibility over time.
Results
Baseline
Susceptibility of Older Instars. The respective susceptibilities of second, third, and fourth instars of two Þeld populations of B. tabaci to spirotetramat are presented in Table 3 . In general, the LC 50 values were quite low. The overall LC 50 values for the three age classes did not vary signiÞcantly within populations. All three instars were susceptible to spirotetramat regardless of age or source of insects. For the particular Arizona population from Maricopa, the LC 50 values for the three instars exhibited only a two-fold range (Table 3 ). The LC 50 values for the three instars b Degrees of freedom for each 2 is 3. c Index of signiÞcance for potency estimation "g" will be substantially smaller than 1.0 and seldom Ͼ0.4 (Finney 1971). of the California population from Brawley were also similar to each other (Table 3) . Comparisons between the two populations also showed no signiÞcant differences in responses of each instar to spirotetramat, indicating similar levels of susceptibility for all three instars from both locations.
Cross-Resistance Tests. The LC 50 values for spirotetramat against resistant whiteßy strains ranged from 3.79 to 29.32 g (AI) ml Ϫ1 (Table 4) . Whiteßy populations with known resistance to bifenthrin (pyrethroid), imidacloprid (neonicotinoid), and pyriproxyfen (insect growth regulator) exhibited low to very high LC 50 levels to spirotetramat, suggesting that these strains are inherently heterogeneous in their responses to spirotetramat, and the high LC 50 s were not necessarily related to cross-resistance. ) to spirotetramat among the three resistant strains (Table 4) . However, based on the nonoverlapping of CLs, this response was not signiÞcantly different from that of three Þeld populations from both Arizona (11.33 and 13.47 g [AI] ml ). These results suggest the absence of cross-resistance between spirotetramat and imidacloprid. The slopes determined by probit analysis for the Þeld populations were relatively low, ranging from 1.0 to 2.4. These low values were expected because Þeld populations in general exhibit higher levels of heterogeneity when exposed to new compounds due to lack of previous exposure. Higher slope values were recorded for the two resistant strains, BIF-R and IM-R (ranging from 2.8 to 5.5; Table 4 ). These results indicate less heterogeneity within these strains perhaps due to multigeneration selection for resistance to bifenthrin and imidacloprid. The slope (1.1) was lowest for the PYR-R strain compared with the other resistant strains, which may be related to fewer selection cycles with pyriproxyfen in this strain.
Discussion
Baseline studies are important in establishing responses of natural populations of insects to new compounds before widespread exposure. Baseline toxicity data are established by using appropriate techniques that are sensitive to changes in mortality responses and can also assay resistance in a population, if suspected. As such, established baseline points provide critical guidance to determine whether resistance has developed to an insecticide. The laboratory baseline toxicity data from this study indicate that the residual toxicity of a foliar application of spirotetramat demonstrated signiÞcant activity against second instar a LC 50 values followed by the same letter within whiteßy populations are not signiÞcantly different based on non-overlap of 95% CLs. b Degrees of freedom for each 2 is 3. c Index of signiÞcance for potency estimation "g" will be substantially smaller than 1.0 and seldom Ͼ0.4 (Finney 1971) . IM-R, imidacloprid-resistant strain; BIF-R, bifenthrin-resistant strain; PYR-R, pyryproxyfen-resistant strain. a LC 50 values followed by the same letter are not signiÞcantly different based on overlap of 95% CLs across stages within a pop. b Degrees of freedom for each 2 is 3. c Index of signiÞcance for potency estimation "g" will be substantially smaller than 1.0 and seldom Ͼ0.4 (Finney 1971 . The variation in responses for the 2009 Arizona populations was Ϸ15-fold. The differences in responses to spirotetramat across all populations tested was Ϸ31-fold, indicating a moderate degree of variability among whiteßy populations from both regions. Some factors that inßuence susceptibility differences include pesticide exposure histories, host plant differences or other environmental stressors, such as temperature, that can inßuence the physiological condition of Þeld-collected subjects represented in the bioassays (Prabhaker et al. 2008) . Previous pesticide history may have included exposure of whiteßies to spiromesifen, which is the second ketoenol with similar mode of action from 2004 onwards in Yuma, AZ, on cantaloupes (Palumbo 2005 (Palumbo , 2009 ). However, our study was limited to establishing baseline data to spirotetramat and cannot conÞrm if the previous use of a member compound of the same class of ketoenol chemistry inßuenced the toxicity or variability to spirotetramat. The variability can also be because of genetic differences between populations.
Knowledge of the degree of susceptibility of populations from different geographical areas to spirotetramat is critical for measuring the trend in temporal and spatial resistance development of B. tabaci. This knowledge will help in effectively implementing insect resistance management program if necessary for whiteßies. A basic requirement for this was to establish the baseline for the populations of the target pest, B. tabaci, from different geographical areas, which was accomplished in the current study.
Relative susceptibilities of the second to fourth instars showed no signiÞcant differences. Toxicity levels to spirotetramat were similar for the three instars within each population and between the two populations. These results were unexpected because other studies on whiteßy immatures showed differences in susceptibility between instars. For example, Þrst and second instars were more susceptible to spiromesifen than third or fourth instars, with fourth instars being the least susceptible (Prabhaker et al. 2008) . Another study showed the Þrst instars of Homalodisca vitripennis (Germar) were the most susceptible to buprofezin compared with the older instars (Prabhaker and Toscano 2007) . Other studies also reported that the younger instars of different species were more susceptible than older instars to various insecticides (Stuijfzand et al. 2000 , Wang et al. 2003 , Prabhaker et al. 2006 . The lack of signiÞcant differences in relative susceptibilities between the second, third, and fourth instars of the two Þeld populations can be attributed to the heterogeneous responses observed across all Þeld populations. The differential susceptibility between instars reported in earlier studies was attributed to insect size, with older instars of greater body weight requiring higher doses of toxin to obtain the same level of mortality compared with younger instars (Prabhaker et al. 2008) . Results presented in this study show the lack of such a relationship between body size and susceptibility. Perhaps the unique mode of action of spirotetramat affecting lipid biosynthesis inßuenced the lack of susceptibility differences between instars regardless of size differences. Our monitoring results are based on treatment of second instars. It was important to compare the responses of each developing life stage in bioassays to target the most susceptible stage to spirotetramat. Based on these results, the use of second, third, or fourth instars of whiteßies will be suitable for future monitoring purposes to assess shifts in sensitivity to spirotetramat. In general, it is more economical to target insecticide applications against the most susceptible stage in terms of applying lesser amounts of insecticide. The results of this study, showing no differences in susceptibility from second to fourth instars of whiteßies to spirotetramat can aid in the selection of suitable application timing to fully exploit the mode of action of this new insecticide. The additional experiments against the second to fourth instars of the two populations from Arizona and California conÞrmed the high level of toxicity of spirotetramat and demonstrated a potential beneÞt with the use of spirotetramat controlling all immature stages at the recommended Þeld rate. Similar Þndings are reported on the potency of spirotetramat against immature stages of whiteßies under Þeld conditions (Kumar et al. 2009 , Palumbo 2009 ). These research Þndings conÞrm that spirotetramat is highly active against Þeld populations of B. tabaci immatures and could provide an effective alternative insecticide for whiteßy management in agricultural crops.
Establishing the relationships among numerous populations of whiteßies by studying their baseline toxicity and the cross-resistance patterns, is informative for whiteßy management. Information on crossresistance patterns was obtained in this study using three whiteßy strains resistant to bifenthrin, imidacloprid, and pyriproxyfen. The current study conÞrmed the effectiveness of spirotetramat against these resistant strains (BIF-R, IM-R, and PYR-R). The BIF-R strain had the highest LC 50 that was comparable to a Þeld population from Brawley, CA. The IM-R strain was more sensitive to spirotetramat compared with some of the Þeld populations. The PYR-R strain was most susceptible among the three resistant strains to spirotetramat. This suggests that the previous selection of these different resistant strains, BIF-R, IM-R, and PYR-R by bifenthrin, imidacloprid, and pyriproxyfem, respectively, has not conferred cross-resistance to spirotetramat. Results of this study agree with previous reports of the high performance of spiromesifen against nymphs of pyriproxyfen-and imidacloprid-resistant whiteßies (Guthrie et al. 2003 , Prabhaker et al. 2008 , suggesting the absence of cross-resistance between pyriproxyfen, imidacloprid, and spiromesifen.
These results serve as baseline data for future resistance surveys for tracking shifts in susceptibility during postcommercialization of spirotetramat so that early changes in susceptibility can be detected. Establishing baseline toxicity data are an essential Þrst step in resistance management. Knowledge of the degree of susceptibility of populations from different geographical areas to spirotetramat is critical for measuring the trend in temporal and spatial resistance development of B. tabaci. This novel insecticide can complement the current foliar insecticide products used against B. tabaci on various agricultural and ßo-ricultural crops.
